Microcystins (MCs) are a group of closely related toxic cyclic heptapeptides produced by common cyanobacteria (blue±green algae). Their toxicity is associated with speci®c inhibition of intracellular protein phosphatases type-1 and type-2A (PP1 and PP2A, respectively). We have developed a battery of antibodies to microcystins using chemical modi®cation (aminoethylation) of one of its core amino acids, N-methyl-dehydroalanine. The developed antibodies displayed dierent reactivities to closely related MCs. Selected monoclonal antibodies were used for quantitative competitive ELISA assays. The analytical sensitivity of these assays was up to 1 ng/ml. Comparison of the developed ELISA tests with HPLC-based measurements of MCs in laboratory and ®eld samples showed a good correspondence between the results yielded by these two methods. The antibodies developed by this technique provide the means for developing extremely sensitive and speci®c analytical assays for direct measurement of toxins in cyanobacterial or water samples. 7
Introduction
Microcystins (MCs) are a group of closely related cyclic heptapeptides produced by common cyanobacteria (blue±green algae), such as Microcystis, Anabaena, Nostoc, and Planktothrix (Carmichael, 1997) . MCs share an invariant portion of ®ve amino acids and have, in addition, two variable amino acids as well as minor modi®cations of some functional groups. The common structure of MCs is cyclo(-D-Ala-X-D-erythrob-methyl-Asp(iso-linkage)-Z-Adda-D-Glu(iso-linkage)-N-methyldehydro-Ala), where X and Z assign the variable amino acids and Adda is an abbreviation of 3-amino-9-methoxy-10-phenyl-2,6,8-trimethyl-deca-4(E )6(E )-dienoic acid (Rinehart et al., 1988) . MCs are www.elsevier.com/locate/toxicon potent and highly speci®c hepatotoxins, whose toxicity is based on inhibition of type-1 (PP1) and type-2A (PP2A) protein phosphatases (MacKintosh et al., 1990) . They have been reported to cause acute poisoning in humans as well as in domestic and wild animals (Carmichael, 1997) . They have also been implicated as tumor promoting compounds (Falconer et al., 1996) . These cyclic peptides are chemically highly stable molecules and cannot be destroyed or removed by conventional water puri®cation methods. Hence, it is important to develop sensitive and speci®c methods for detection of the toxins to avoid the risks of human and animal exposure to these compounds.
For the analysis of MCs and related toxins, a number of approaches have been employed: HPLC-based analyses, protein phosphatase inhibition assays, cellular assays, and various types of immunoassays for review, see (Eriksson et al., 1994; Meriluoto et al., 2000) . Chromatographic methods require highly quali®ed personnel as well as expensive equipments. The phosphatase inhibition assay and the cellular assays are toxicologically highly relevant, but not sensitive enough for detecting concentrations that are clearly below the level of acute toxicity. Several schemes for immunoassays of MCs have been suggested (Ueno et al., 1996; Chu et al., 1990; Nagata et al., 1995; Tsutsumi et al., 1998) , but the speci®city and applicability of the immunodiagnostic approach to MC analysis still requires further development. Since MCs molecules are too small to induce an active immune response by themselves, animals have usually been immunized by conjugation of MCs with high molecular weight carrier proteins, such as bovine serum albumin (BSA) or keyhole limpet hemocyanin (KLH). The coupling has been carried out with carbodiimides and the developed immune response has been tested with MCs conjugated to another carrier by the same method. During the reaction with carbodiimides MCs are attached to the carrier via the glutamic acid residue which is present in all MCs (An and Carmichael, 1994) . This reaction gives high yield and MC conjugates prepared by this method have been successfully employed for production of antibodies. However, most of the monoand polyclonal antibodies prepared in this way recognize mainly the Adda residue and do not make sucient recognition between dierent MCs (Chu et al., 1989) . This situation could re¯ect sterical problems when the two variable amino acids are exposed to the immunocompetent cells during the development of the primary immune response. Another approach to enable conjugation of MCs to a carrier molecule is by introducing a primary amino group in the molecule. This can be carried out by aminoethylation of the Nmethyldehydroalanine residue (Moorhead et al., 1994; HaÈ rmaÈ laÈ -BraskeÂ n et al., 2000) presented in most MC forms. This amino acid residue reacts with the intracellular MC targets, such as PP1 or PP2A (Goldberg et al., 1995) . This residue is located most distantly from both of the variable amino acid residues and Adda, promising active and possibly more speci®c immunoreactivity. The introduced primary amine can then be easily conjugated to carrier molecules.
In the current study, we tested N-methyldehydroalanine as a target to obtain immunogenic toxin-carrier conjugates. By using aminoethylation with subsequent conjugation to carrier proteins we synthesized immunogenic MC forms, yielding highly speci®c immune response in both mice and rabbits without noticeable toxicity. Polyclonal antibodies were anity puri®ed and tested together with a battery of selected monoclonal antibodies for direct and cross-speci®city against dierent MCs and nodularin. Quantitative parameters of speci®c-and cross-binding were measured by dierent designs of laboratory ELISA models.
Materials and Methods

Isolation, derivatization, and conjugation of toxins
MC-LR and -RR, 3-desmethyl±MC-LR and -RR were puri®ed by the method of Meriluoto et al., 1989 from extracts of Anabaena sp strain 90 (from the culture collection of Dr. Kaarina Sivonen, University of Helsinki), and MC-YR was purchased from Calbiochem (La Jolla, USA). Aminoethyl±MC-LR (H 2 N± etMC-LR) were synthesized by a modi®cation (HaÈ rmaÈ laÈ -BraskeÂ n et al., 1999) of a procedure described by Moorhead and co-workers (Moorhead et al., 1994) . Brie¯y, MC-LR was treated with 3000-fold molar excess of 2-aminoethanethiol in a carbonate±bicarbon-ate buer, pH H 9.0, at +508C for 30 min. The reaction was stopped by addition of acetic acid and the product was puri®ed from the reaction mixture on C 18 BondElut 1 (Varian, Harbor City, CA) cartridges with subsequent mass-spectrometric identi®cation.
Conjugation of H 2 N±etMC-LR with the carrier proteins (50 mg of MC-LR per mg of BSA or soybean trypsin inhibitor [SBTI], respectively, both Sigma) was done with 2% glutaraldehyde at pH 8.7, followed by multiple dialysis to ensure the absence of free toxin.
Antibody production
Polyclonal antibodies were raised in white New Zealand rabbits (both females and males) by immunization with 30 mg of conjugates of the H 2 N±etMC-LR with SBTI. Monoclonals were produced by conventional methods, including immunization of BALB/c mice with 10 mg H 2 N±etMC-LR conjugated with SBTI, fusion of their splenocytes with SP2/0 myeloma, selection of the hybrids and of antibody-producing clones reacting with H 2 N±etMC-LR covalently bound to ReactiBind 1 (Pierce, Rockford, IL) 96-well plates. Finally ®ve of 11 cloned hybridoma-producents were chosen for continued work based on their speci®city and activity. The veri®cation of murine antibody subclass was done by using a commercial kit (Pierce, Rockford, IL).
Anity puri®cation
70 mg of H 2 N±etMC-LR was attached to an activated 1 ml HiTrap 1 column (Pharmacia) by a method described by the manufacturer. The column was used for puri®cation of the polyclonal antibodies from pooled serum from four rabbits. Brie¯y, serum was diluted four times with buer (25 mM MOPS, 125 mM NaCl, pH 7.4) and cyclically passed through the column overnight at +48C. The column was washed with the buer, 1 M NaCl in the same buer and antibodies were eluted with 100 mM K 2 CO 3 . Monoclonal antibodies were puri®ed on a ProteinG HiTrap 1 column (Pharmacia) by a method recommended by the manufacturer.
ELISA assays
For competition ELISA tests, 1 mg of H 2 N±etMC-LR was covalently bound to ReactiBind 1 plates or 50 mg of puri®ed monoclonal antibodies were adsorbed to each of polyvinylchloride plates. H 2 N±etMC-LR and puri®ed monoclonal antibodies were conjugated in equimolar proportions with EZ 1 -activated soybean peroxidase (Pierce Rockford, IL) by the method recommended by the manufacturer, with subsequent puri®cation on PD-10 gel ®ltration columns (Pharmacia). The competition assay was performed in one step by incubating serial dilutions of free MC with antibodyperoxidase conjugate on H 2 N±etMC-LR-coated plates or with H 2 N±etMC-LR-peroxidase conjugate on antibody-coated plates. Plates were carefully washed and the optical densities (OD) of the substrate (tetramethylbenzidine, Sigma, St. Louise, MO) reaction was measured at dual wavelength 620±492 nm.
Toxin analysis from cyanobacterial cultures and natural ®eld samples
Field samples of cyanobacteria collected from eutrophic lakes were freeze-thawed and ultrasonicated. Dilutions of the sonicated suspensions were used for ELISA experiments. Parallel samples were analyzed by HPLC as follows: 10 ml methanol was added to 100 ml aliquots of the undiluted sonicated suspensions and the samples were concentrated on activated C 18 Bond Elut 1 solid-phase extraction cartridges (500 mg; Varian, Palo Alto, CA). The cartridges were eluted with 10 ml methanol, which was dried under vacuum at 408C. The samples were then redissolved in 0.5 ml methanol, centrifuged (10000 g, 10 min) and analyzed by HPLC. Methanolic extracts of freeze-thawed laboratory-grown Microcystis PCC7820 and Anabaena 90 were run without concentration. The MCs in the extracts of Microcystis and Anabaena (LR, 3-desmethylated LR, LW, LF, RR, 3-desmethylated RR) had been previously characterized by their UV spectra, amino acid analysis and mass spectrometry. The known MCs were used for the retention time-based identi®cation of MCs in the ®eld samples. On-line UV spectra of the separated peaks in the ®eld samples, although often disturbed by coeluting compounds, gave additional veri®cation about the peak identities. 10 ml aliquots of the ®eld and laboratory samples were separated on a Merck (Darmstadt, Germany) Nucleosil 100 5C 18 column 250 mm Â 4 mm i.d.). The mobile phase consisted of (A) acetonitrile:0.0135 M ammonium acetate (27:73) and (B) acetonitrile:0.0493 M ammonium acetate (80:20); linear gradient 0 min 100% A, 12 min 100% A, 24 min 75% A, 28 min 75% A, 30 min 100% A;¯ow rate 1 ml/min; column temperature 408C. Detection was performed at 200±300 nm using an L-7450A diode-array detector (Merck±Hitachi, Darmstadt, Germany).
Results
The speci®c activity of the antibodies was tested in direct ELISA tests with either H 2 N±etMC-LR covalently attached to activated polystyrol plates (ReactiBind 1 , Pierce) or as conjugated to BSA with the conjugate adsorbed on polyvinylchloride 96-well plates (Falcon-BD, Franklin Lakes, NJ). Minimal working dilutions of sera were 1:2000±1:60000. These reactivities were three to ®ve orders of magnitude higher than those obtained with unspeci®c reaction of preimmune sera collected from the same animals (data not shown). Monoclonal antibodies reacted at lower minimal dilutions (1:200±1:4000) but in a highly speci®c fashion when compared to a non-MC binding monoclonal antibody (we used anti-vimentin antibodies as a control), which gave a positive signal only at 1:40 or lower dilutions (data not shown). Neither the monoclonal antibodies nor the anity-puri®ed polyclonal antibodies reacted with free BSA, Tris-blocked ReactiBind 1 plates, or free SBTI adsorbed on polyvinylchloride plates (data not shown). Mouse antibody subclass veri®cation showed that all six hybridomas selected for further work were secreting IgG 1 antibodies with light chain k (data not shown).
Competitional ELISA
To ensure the speci®c and reversible binding of the mono-and polyclonal antibodies, we performed competitional ELISA-testing. We tested two ELISA model designs, with the antigen (design A) or the antibodies (design B) attached to the surface. Dilutions of MC-LR competed for antibodies conjugated to peroxidase with MC-LR attached to the surface (design A) or for adsorbed antibodies with MC-LR conjugated with peroxidase (design B) in a concentration range starting at 1 ng/ml. The model with H 2 N±etMC-LR covalently bound to ReactiBind shows a sharper inhibition pro®le, while the one with adsorbed antibodies has a wider range of inhibition (Fig. 1) .
Cross-competition
To estimate the speci®city of our antibodies, we checked the ability of four MCs, a synthetic derivate of MC-LR, and nodularin, a closely related toxin, to compete MC-LR in the above described competitional ELISA model (Table 1, Fig. 2) .
The speci®city of dierent monoclonal antibodies varied from practically equal reactivity between dierent MCs and MC-LR to 16 times less active reaction with MC-YR. Nodularin also had noticeable crossreactivity with all the tested antibodies, although much less than MCs Ð from 2 to about 1000 times less. Free H 2 N±etMC-LR competes for antibodies and is up to nine times stronger than MC-LR. This result is to be expected, since this toxin derivative was used for immunogen preparation. Anity puri®ed polyclonal antibodies showed approximately equal reactivity to all the MCs and nodularin. By the criteria of lower background signal and higher signal/noise ratio (data not shown) we selected monoclonal antibody produced by clone M1E for presented work in quantitative ELISA measurements of MCs in cultured and ®eld samples.
Antibody test with ®eld samples
To establish the reliability of the model test systems, we measured MC concentration in two ultrasonicated lake water samples from Lake OmenajaÈ rvi and Lake KirkkojaÈ rvi (South±Western Finland) as well as in two cyanobacterial culture samples. The concentrations were measured by using standard curve for MC-LR obtained from the analysis model with monoclonal antibody clone M1E conjugated with peroxidase. The concentration of MCs in the same samples was analyzed chromatographically by HPLC (Fig. 3) . Field samples from heavily eutrophicated lakes are often problematic in regard to HPLC identi®cation of MCs. Small MC peaks coeluting with other substances often fail to give useful UV spectra for the spectral identi®-cation of MCs. The estimated concentrations and identi®ed compositions of the MCs in cultured as well as environmental samples are shown in Table 2 .
Although, the positive identi®cation of the whole spectrum of possible MCs in environmental samples is an almost impossible task, both methods show satisfactory correlation between the results. The variation between samples in the dierent ratios of MCs as measured by HPLC and ELISA, could re¯ect variations in antibody reactivity against the dierent MCs as well as the possible presence of unidenti®ed MCs in the environmental samples. Table 1 but not shown). 
Microcystis aeruginosa
MC-LR Ð 54 mg/ml 39 mg/ml PCC 7820 MC-LW Ð 22 mg/ml MC-LF Ð 20 mg/ml Anabaena 90 MC-LR Ð 5.4 mg/ml 9 mg/ml 3-dm-MC-LR Ð 0.9 mg/ml 3-dm-MC-RR Ð 1.9 mg/ml MC-RR Ð 6.7 mg/ml KirkkojaÈ rvi MC-LR Ð 75 ng/ml 39 ng/ml OmenajaÈ rvi MC-LR Ð 21 ng/ml 15 ng/ml
Discussion
Using the method of MC conjugation to carriers via aminoethylated dehydro-alanine, we produced a battery of monoclonal antibodies with a dierent degree of cross-reactivity between immunogen (MC-LR) and closely related toxins. The antibodies developed in this way showed a higher degree of speci®city to the MC-LR and its derivates as compared to other MCs and nodularin than previously reported antibodies (Nagata et al., 1995) . However, there was still a tendency of signi®cant cross-reaction between all of the MC subtypes and nodularin. This cross-reactivity could be explained by strong immunogenic properties of the epitope containing the Adda residue as compared to the rest of the MC molecule. In support of this assumption, it has been reported that MC derivatives, in which Adda is destroyed by ozonolysis, are not immunoreactive (Chu et al., 1989) . Furthermore, three-dimensional NMRbased structure analysis of MCs (Trogen et al., 1996) and nodularin showed that Adda is the best-exposed part of both peptides. Adda will also be one of the best exposed parts of the MC molecule in conjugates produced both by conjugation through carboxy-groups or by conjugation through an introduced amino group. However, the conjugation via N-methyldehydroalanine is likely to help exposing both of the variable amino acids better than carbodiimide conjugation.
The detection limit of our ELISA model systems was sucient for direct measurement of total MCs in real samples as well as for quantitative cross-reaction estimations. The sensitivity was estimated to be approximately 5 ng/ml when using monoclonal M1E, and MC-LR as standard, in the ELISA model with immobilized H 2 N±etMC-LR. The sensitivity of the ELISA model, where H 2 N±etMC-LR was used as a standard, was proportionally higher that in the ELISA models based on other MC and nodularin as standards. Other monoclonal antibodies gave similar values of analytical sensitivity in the range of 1±10 ng/ml. The highest sensitivity was seen with the monoclonal Fig. 3 . HPLC determination and identi®cation of MCs from cyanobacterial culture and lake samples. UV absorbance at 238 nm is shown in HPLC chromatograms of (A) Microcystis extracts containing MCs-LR, -LW and -LF, (B) Anabaena extracts containing MCs-LR, -RR and their 3-desmethylated analogues, (C) Lake KirkkojaÈ rvi sample and (D) Lake OmenajaÈ rvi sample. HPLC conditions were as described in the methods sections. As no good UV spectra could be obtained from the ®eld samples (C) and (D), due to low peak heights and interfering coeluting compounds, tentative MC identi®cation was based on the retention times. Both sample (C) and (D) had a peak coeluting with MC-LR in the standards (A) and (B) . No other peaks had identical retention times with the MC peaks in the standards.
M1B when H 2 N±etMC-LR was used as a standard (the whole data set is not shown).
Although both ELISA-and HPLC-based determination of MCs gave satisfactory agreement between the obtained results, the values determined by ELISA were usually lower than those determined by HPLC. It could be a re¯ection of a somewhat higher speci®city in the ELISA method, as overlapping peaks in the chromatograms may aect quanti®cation.
Since ELISA based on dierent monoclonals give predictably dierent data curves for dierent MCs, it is possible to calculate the ratio of dierent MCs in a sample by simultaneous ELISA measurements with the various antibodies developed. We are continuing to test the applicability of the described antibodies for toxin analysis in cyanobacterial and water samples as well as in animal tissues. Furthermore, these antibodies are being assessed for their ability to reveal possible in vivo binding targets of MCs other than PP1 and PP2A.
